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ABSTRACT

The radiation effects of high-energy protons and electrons on
germanium and silicon have been studied. The influence of the damage on
the Hall effect and minority carrier lifetire r-oduced by 1, 5-, ?. 3-,
5-, and 30-MeV electons is compared with that produced by 30- and 50-
MeV protons. The experinmental rebulth dre directly compared with the
theoretical predictions of the damage. It is concluded that the higher-
energy recoils resulting from the proton irradiationb are more effective
in producing damage than those resulting from the electron irradiations,
based on the predictions of the total number of the defects that different
types of particles are expected to produce. The reason for this may be
that the higher-energy recoils produce displacements which are separated

farther and thereby influence the moasured properties in a different
manner.

Complexities in correlatin*. proton and electron damage which
arise from the influence of impurities and defect motion during irradia-
tion are discussed. A proton simulation based on an admixture of elec-
trons and reactor neutrons is discussed theoretically.
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SECTION I

INTRODUCTION

Radiation produces permanent damage in sermiconiu,.tor triaterials

by displacing the lattice atoms, which in turn may form electrically active

defect structures in the lattice. These defects could change the important

electrical properties of the material, such as the conductivity, carrier

mobility, number of carriers, and the minority carrier lifetime, and thus

the characteristics of a device built of these materials are altered as the

result of irradiation.

A spectrum of electron energy irradiations, 1. 5, Z. 3, 5, and

30 MeV, of semiconductor materials are compared with those of 30-MeV

and 50-MeV proton irradiations in order to determine whether proton

damage can be simulated by electron damage. The effect of pr..ton dam-

age, of course, is imnportant in space applications, and it is of interest

whether the eizeiA of this damage is the same as for electron-produced

darage, primarily because clectrons a e a more available radiation

source. The experimental results are directly impared with theoretical

:r,.dictions of the damage produced by several types of irradiations. From

a theoretical standpoint, a comparison of 30-MeV electrons with protons

is of primary interest as they are most likely to be commensurate. Also,

corrmparisons o; the experimental results are made wLth theoretical pre-

dictiona for electrons of 1. 5-, Z. 3-, and 5-MeV energy and for protons

of 50-MeV energy. These low-energy electrons provide a check on the

lower limit of electron energies capable of simulating protons and the

50-MeV protons provide a check on the effect of the larger displacement

clusters.

The materials irradiated were chosen to cover a spectrum of

semicond~uctor mtaterials. The twelve chosen congisted of 0. 5-ohm-cm and
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"10-ohm-cm samples of boron-doped p-type silicon, phosphor is-doped

n-type silicon, galliur,-doped p-type germanium, and arsenic-doped

n-type germanium. The silicon samples consisted of both fl.atig-zone

refined and quartz-crucible pulled materials to check tho effe :rs of oxygun

ccnt, tt, whereas ali of the germnanium samples wert. quartz-crucible

pulled°

The phy: ical properties chosen for measurement wern those that

are most intiimaavly ,-isociated with device opei-ation and also sensiti.e to

radiatioit: the carrier concentration and carrier lifetime. The carrier

concentration is presented as a removal rate, or the average number of

carriers per cubic centimeter removed per incident particle per square

centimeter, and the carrier lifetimne is presented as a rate of change of

inverse lifetime with incident particle flux. Post-irradiation annealing

experiments were made in an attempt to identify by inference some of the

properties of the defect responsible for the damage.

A unitary positive correlation between irradiations with diffe rent

incident particles requires a constart ratio of damage rates across a

spectrum of materials and damage typos. Any properties inferred about

the defects responsible for the damage should also match. However, a

lesser degree of correlation with different irradiations would still be use-

ful *n predicting damage rates.

i
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SECTION II

THEORETICAL CORRELATION OF DISPLACEMENT EFFECTS

FROM PROTONS, ELECTRONS, AND NEUTRONS

IN SILICON AND GERMANIUM

2.1. INTRODUCTION

A complete theory of displacement radiation effects would describe

the sequence of events cccurring to produce lattice defects and would relate

the character oi the resulting defects to change in macroscopic physical

properties of t),e irradiated material. The sequence of events described

would include:

1. Collisions between the incident radiation and the target to

produce recoil atoms.

2. Motion of recoil atoms through the lattice to produce subsequent

t generations of se'-ondary displacements, leading eventually to

the dissipation of the kinetic energy of the recoil atoms and to

the eitablishment of tbermal equipartition of kinetic energy.

3. Subsequent thermal-activated motion of defects to form• secondary

defect structures which are stable at t'.e sample temperature.

4. The relation between the microscopic structure of the defects

and the macroscopic physical properties, which are measured.

It is obvious that such a complete theory is not available, and its

lack might cause one to despair of establishing a sound theoretical relation

between primary irradiation aid physical property changes. The most

imposing obstacle appears to be a description of thermal motion and

secondary defect formation, particularly as influenced by impu.-ities and

defects already present in the crystal before irradiation. It is well known

3



that impurities which have no significant effect on the important elect-ical

properties of a semiconductor may influence strongly its irradiation response.

Interstitial oxygen in silicon is a well-known example.

Fortunately, in attempting to establish not the absolute magnitude

of the damage but only the correlation between damage produced by dif-

ferent irradiating particles, it is possible to be less demanding of the theory.

Specifically, it is obvious that if each of two irradiations produces the

same concentration and energy spectrum of primary recoil atoms, the

resulting damage must also be the same. Even this requirement may be

too severe. A high-energy recoil atom tends to lose most of its energy

by a large number of collisions, in each of which the fractional energy loes

is small.(1) Moreover, the higher-energy recoils (>100 keV for silicon)

tend to lose much of their energy by ionization until the residual energy is

significantly lower. Hence, as far as the displacement structure iu con-

cerned, there is not much difference between a 100-keV and a ZOO-keV

silicon recoil atom.

If it is also assumed that the physical properties measuwed are

sensitive to change in lattice structure over regions small compared to the

range of a high-energy recoil atom, it can be asserted that the damage

should be a function only of the total energy expended in displacement pro-

duction (recoil energy minus ionization loss). At a cursory glance, the

secondary recoils produced along a high-energy primary recoil track have

an energy not strongly dependent on the primary recoil energy, and hence

their number incretses with increasing primary energy, but the character

of the damage may not change.

This discussion suggests that there is an excellent chance of

establishing a correlation between two irradiations, provided two conditions

are met:

1. The number and energy spectrum of lower-energy recoils must

be the same, and

2. The amount of energy expended in displacement production by

high-energy recoils must be the same.-

4



The transitiort point between low- and high-energy recoils is not known, but

intuitively it should correspond to displacement clusters containing at least

tens of displacement recoils (i. e. , primary recoil energy is >1 keV).

The purpose of the following discussion is to examine in detail the

energy distribution of primary recoils resulting from electron, proton, and

neutron collisions and to evaluate the possibility of correlating electron and

pý-nton irradiations. The conclusion to be noted is that with an appropriate

scaling i.ctor for the Rutherford cross section, high-energy electrons and

protons satisfy the first condition above, but that for this scaling factor

influence, the total displacement energy imparted bif protons via high-energy

recoils is larger than for electrons. This extra portion could be adiquately

reproduced by adding a reactor neutron irradiation to the electron

bombardment.

Protons ance electrons both interact with an atom at low-energy

transfers primarily through Rutherford scattering, and the scattering

cross sections have the same dependence on energy transfer for both at the

low end of the primary recoil energy spectra. For protons at higii.r pri-

mary recoil energies, nuclear elastic scattering becomes important, and

the scattering cross section results in a dip and then a peak in comparison

with the shape of the Rutherford scattering. Further oscillations in the

cross section are generally less important as these occur at high-enough

primary recoil energies that most of the energy of the recoil is lost through

electronic collisions and only a small part goes into displacing atoms. The

nuclear elastic effect may be important at proton energies as low as 10 MeV

and must be taken into account whenever proton damage rates are considered.

The low-energy part of the proton recoil spectrum may be simulated

by electrons by choosing the electron energy such that the lessening of the

electron scattering cross section at high primary recoil energies due to

relativistic effects approximates the first dip in the proton cross section.

The following peak in the proton cross section may be simulated by reactor

neutrons which give little contribution at low primary recoil energies but



produce apeak at higher energies sinmlar" to that of the protons. The

quantities of electrons and reactcr neutrons can be mixed to give the same

total number of displacements as protons and with a primary recoil atom

energy spectrum similar in shape up to mnucA higher energies than with

electrons alone.

Nuclear inelastic scattering was neglected in calculating the proton

damage rates and it is possible that the displacement production is under-

estimated by up to 50 percent in germanium at 50 MeV. The effect is less

effective for silicon and lower incident proton energies but still may be as

much as 25 pr-rcent in silicon at 30 MeV.

2.2. PRIMARY RECOIL IONIZATION ENERGY LOSS

As the energy of a primary recoil atom from a scattered particleI is increased, a smaller proportion of its energy will go into displacement

collisions, a greater proportion of its energy being lost through ionizing

collisions with orbital electrons. The fraction of energy lost in elastic or

atomic collisions has been computed by Lindhard, (2) assuming a Thomas-

Fermi potential for atomic scattering and a velocity-dependent electronic

t, stopping power. The results of Lindhard's calculations for silicon and

germanium are shown in Fig. 1 as the fraction, f, of the primary recoil

energy that goes into displacement-type collisions. This fraction is used

in the calculation for the number of displacements from a primary recoil

atom instead of the more usual arbitrary cut-off energy beyond which a

recoil atom is assumed to produce no displacements.

2.3. RUTHERFORD SCATTERING

The mechanism by which charged particles impart energy to a lattice

atom is, neglecting nuclear forces and screening by orbital electrons,

(3)Rutherford or Coulomb scattering with a differential cross section of
dar 2.b Tm

dT 4 2 '
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I

where T is the recoil atom's kinetic energy, T is the maximum energyi m
transfer, and b is the classical distance of closest approach in a head-on

collision.

At recoil energies much greater than the displacement energy, Td

the number of displaced atoms per primary recoil is linearly related to the

recoil energy and may be taken as 0. 5 T/T Using the number of dis-

placed atoms produced as the physically significant quantity, the number of

displacements produced by primary recoils between energies T and T is

tT de2 T T
N T dR-dT wb T- 2

d Jr Td dT -8 Tdm TI .

showing that each logarithmic energy interval contributes equally to the

number of displacements. This suggests a comparison between protons

and electrons of the ratio of the true to Rutherford cross section versus

the logarithm of the primary recoil energy.

2.4. NUCLLAR ELASTIC SCATTERING

Protons and neutrons both undergo nuclear elastic scattering in the

force field of the target nucleus. This scattering is fairly well understood

in terms of the optical model of the nucleus, 4"7) and a number of

experiments have been performed to measure the scattering cross

section. In fact. extensive measurements have been made of the scattering

of protons and neutrons on aluminum and copper, whereas few measure-

ments have been made on either silicon or germanium. Since the expera-

mental measurements and tke predictions of the optical model both show a

slow variation of the cross *e"Oone as a function of atomic number, the

cross sections for aluminum a:-d copper have been used for silicon and

germanium. The scattering cross sections for 30-MeV protons on alumium,

silicon, and phosphorous and on copper and gallium (taken from Ref. 8),

are shown in Fig. Z to illustrate the slow variation between adjacent

elements. The ratio of the measured to Rutherford cross section is plotted

S
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to accentuate the nuclear elastic effect and to eliminate the elemental

dependence of the Rutherford cross aection, which all of the cross sections

approach at low energy transfers.I

2.5 PROTON DAMAGE

For incident protons, the cross section, N for producing dis-

placements from primary recoils between energies T and T is

fTT da
2 T do R

Nd-.Z• (Tlf (T) --- dT,(1
d Np -I2T da a°T

T d R

where do/doR is the ratio of the measured to Rutherford cross section, and

f is the fraction of the recoil energy lost in displacement-type culliqions.

The Rutherford cross section for nonrelativistic protons is

24
do Z T Wz 2e4I R wb m 0

T T 2  AEoT 2

where A and Z are the atomic weight and atomic numrber, respectively, of

the target atom, E 0is the incident proton energy, e0 is the electronic

charge,

Ze2 1 A, and T 4j(1 + Z)2 EO

The ratio of the measured Plastic scattering cross sectior. to the

Rutherford cross section for aluminum and copper is plotted in Figs. 3 and

4, respectively, for a number of incident proton energies. (The references

from which these are taken &.re noted on the figures. ) Because of the smooth

variation in the cross section with incident proton energy, an interpolation

was performed between 40 and 57 MeV to give the 50-MeV cross section.

The crocs sections used at 30 and 50 MeV for silicon and germanium.

together with the function f, are plotted in Figs. 5 and 6, respectively.

10
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For the purposes of numerical calculation, the average value of

da/do and f are taken over the interval AT. about T.. On integration.
R 1

this reduces Eq. (1) to

S42

?T (T d f Tr ZIn_ T i+I/2
">ip i dTT 2A ET In T

R T. 0 d i-12

where

2 2 /
Ti+1/2 T i-1/2 + AT. ind Ti [T + + T2 11i+/ -lZ1i+11Z i-lI2-

to gi,'e the aforementioned logarithmic energy intervals. Five intervals

were taken per decade, resulting in

In (T /Ti 2 0.4t,2

The cross section for producing displacemenLs from recoil atoms

with energy in the interval AT. about T. is then given by
1 4

wAodZ'e 0 :•iT.-- . 2

Nd(Ti) 0. 3 A. d_ (Z)

and the total cross section for displaceiments produced by recLoil atoms

with energy from Td to Ti, N Pt(Ti), is

•2 4 Ti
2 4

N (T 0.( 0. 231 0 37 f (3)dpt i AE L 27 TrOd T d R T i

Equations (2) and (3) are plotted for silicon in Figs. 7 and 8,

respectively, and are plotted for germanium in Figs. 9 and 10, respectively,

for protons of 30- and 50-MeV incident energy. These figures are plotted

in units of 0. 231 v Z 2e 4/AE for direct comparison with t~he recoil spectra0 0
of other types of scattering. Also plotted in Figs. 8 and 10 are the results

15
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expected from pure Rutherford scattering using both the computed value of

f and f = I for the case where all of the recoil energy is assumed to be

dissipated in diaplacement type collisions.

2.6. ELECTPRON DAMAGE

The electron energies of 5 and 30 MeV considered here are in the
(14)

relativistic range. so the calculations of McKinley, which are plotted

in Fig. 11, were used for the ratio of the scattering cross section to the

Rutherford cross section, do/doR' Then, for the differential scattering

cross section,

dw de -.,bZT m
dT dR 4 - 2

R -r

where for the relativistic range for electrons, b is contracted by Y

(0 - 2 ) 1I/2 i which [ v/c, v is the electron velocity and c is the velocity

of light, and
2

E0 E + 2m c )
T =2

MAc

in which E is the electron kinetic energy, m 0 is the electron mass, and
00

MA is the mass of the target atom. The differential energy cross section

then reduces to

24
do do Z 0-- : --- 2w ý
dT dw R MA2 Tz

Analogous to the proton case,

2 4

Nd(Ti) 0. 462 MA 2 T 0 R . (4)

AC d I
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and
2 4 T.

wZ e v- d
N (T 0. 462f'_ 0 ,Ndet(Ti) 2 T IT.i

M T RMAC d Td

Equations (4) and (5) are also plotted in Figs. 7 through 10 for 5-

and 30-MeV electrons. These are given in units of 0. 462 rZ e 0 /MA c2 for

direct comparison with the primary recoil atom energy spectra of protons.

2.7. NEUTRON DAMAGE

The neutron spectrum used for damage calculations is that calculated

by Larsen(15) for a position in the shielding water 11 in. above the TRIGA

reactor. The logarithmic energy intervals used are the same as those used

for the previous sections. Figure 12 shows the spectrum in terms of neutrons

in each energy interval used. The constancy of the spectrum at lower

energies is a reflection of the I/E spectrum assumed at energies less than

10 keV.

At neutron energies much above a few hundred keV, the scattering

is markedly anisotropic, so it was neceasary to use the angular distributions

of the elastic scattering given in Ref. 16. The resonances particular to
N

separate elements were smoothed in the calculation by taking rather coarse

energy increments. As was done with protons and for the same reasons,

the measurements on aluminum and copper were used. These angular din-

tributions were normalized to I barn and interpolations were made when

necessary. The normalized angular distributions used for each neutron

energy interval are shown in Figs. 13 and 14 for silicon and germanium,

respectively. These normalized angular distributions were then weighted

by the total cross section from Ref. 17. The results are shown in Fig. 15.

The cross section for producing a recoil atom with an energy AT.

around Ti from a scattered neutron of energy En is

22
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ATdar 4Tr do-IT barns

idTET 79diE T. atom
noiT n IEn

where

doa/dTI E T. .n- do-/d~iE ,T
n' 1 nl 1

are the differential energy and ang--lar cross sections, resp---ti'i.-ly,
A

evaluated at E and T., andi TE is the maximum iPnergy th~at may
31 I n

4mpartqed to a recoil atom with a neutron of energy E
n

The catois section for producing displacementb per watt-st-cord of

reactor pcwer due to recoils of energy AT. around T. frorn scattered

neutrons of incident energy 4iF 1iaround E n, N d (E n T.i), is just the cross

sectioii for producing a recoil atomn with an energy AT.i around T . times the

numrber oi neiitrons incident with energy AE around E nper watt-second of

reactor power times th~e niumber of displacements per recoil atom, i.e.

[AET 'T do- AT -2i '10 (6)dnn O oT. 1 I4)(AE]r 24I

where 4O(E n)AE nis given in Fig_ 12 and the factor of 10-2 converts the

cross sections from barns to square centimeters.

Then Lhe cross section for producing displacements per watt-second

of reactor power due to recoils of energy AT.i about T ,N dn(T.i), using

AT. 0. 465k T. ifor our logarithnic energy intervals and En= (4/A)

[LI + (0/W)]- E/n, is

T2

N (T) 0. 730 x 10- 24 _L I +-1 ' O(E ) AE (7
dn i T -ALITL. n ndg E T. E' 7

dl i no i ni
n

where the summation extends ov'er the reactor neutron spectrum from the

maximumn energy E n=8 MeV down to E n=(A/4)f I + (l/A) ]T., the least

energetic neutron that can give energy Ti to a recoil.
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"Also, the total cross section for displacements produced by recoil

atoms with energy from Td t, Ti, N dnt(Ti), is

T.=T.Tj T

N (T. ~0.730 -K I A- TT T a7 I T.dnt i0 . fdTATd EZ n)&End-f E nTj n
i n

(8)

which is analogous with that for protons. Equations (7) and (8) are plotted

in Figs. 7 through 10 in units such that the total number of displacements

due to neutrons is equal to the difference in the total number of displace-

ments produced by 30-MeV protons and 30-MeV electrons, when the ?roton

and electron displacement production rates are matched -.t low reco'.

energies.

2.8. CONCLUSIONS

A complete discussion of the theoretical results without the experi-

mental comparison is inappropriate here except for a few basic conclusions.

From an inspection of Figs. 7 and 9, the general features of the primary

recoil atom spectra from electron, proton, and reactor neutron collisions

are quite clear. Electrons produce displacements at a nearly constant rate

as the primary recoil energy or, equivalently, the displacement cluster siz•e

p l is increased up to nearly the maximnum energy recoil. The maximum

energy recoil is approximately proportional to the square of the incident

electron energy, instead of being linear as with protons, because the

relativistic mass of the electron increases with energy. For protons,

r nuclear elastic scattering produces oscillations in the displacement pro-

duction cross section. The positions of these oscillations are nearly constant

in recoil atom energy as the incident proton energy is increased, with new

oscillations being introduced as the incident proton energy and maximum

atom recoil energy are increased. The enhancement of the scittering cross

section due to nuclear elastic scattering as the incident energy is increased

is primarily due to the growth of the first one or two peaks in the scattering

'S8



cross section. The effect of subsequent peaks is reduced by tChe function,

f, which is the fraction of recoil energy going into displacement-type

collisions. From an inspection of Figs. 3 and 4, it can be seen that nuclear

elastic scattering is important to quite low incident proton energies,

especially in ailicon.

When 30-MeV electron irradiations are compared with proton

irradiations, the deviation in displacement production occurs only for

displacement clusters of "-500 displaced atoms for germanium and -- 1000

displaced atoms for silicon. When 5-MeV electrons are considered, the

eltctron simulation is much less likely to be successful since the clusters

scale only to 10 and 20 displaced atoms for germanium and silicon,

respectively.

Table I summarizes the results of these calculations with a dis-

placement energy Td equal to 25 eV for silicon and 32 eV for germanium.

The second column presents the relative magnitude of the low-energy portion

of the Rutherford scattering cross section, i. e. , a number by which the

fluence of particles should be divided to achieve the same number

and spectrum of low-energy recoils. The third column presents the recoil

energy, in units of Td, above which the total dis.-lacement energy deviates

by more than 20 percent from the Rutherford value for large maximum

energy transfer, but with corrections for ionization energy loss. This quantity

is a measure of the range of validity of tie low-energy recoil spectrum

simulation. The last column presents the effective cross section for pro-

ducing displaced atoms, irrespective of the size of the cluster with which

the atoms are associated. Again, this number should be used only for

relative magnitudes since most of the displaced atoms undergo thermally

activated rearrangement at room temperature,

It is apparent from the foregoing calculations that the best simulator

for proton irradiations to meet the two conditions discussed in Section 2. 1

is a combination of high-energy electron and neutron irradiation. Specifically,

the following correlations are indicated:

29
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In silicon:

One 30-MeV proton/cm2 15. 5 14-MeV electroni/cs +

0. 6Z TRIGA neutrons/cm2

One 50-MeV proton/cm - 9. 3 14-MeV electron/cm2 +

0. 47 TRIGA neutrons/cm
2

In germanium:
22

One 30-MeV proton/cm 2 15. 5 20-MeV electrons/cm2 +

0. 73 TRIGA neutrons/cm
2

2One 50-MeV proton/cm 9.3 20-MeV electrons/cm2 +

0. 70 TRIGA neutrons/cm2

where this electron energy is chosen to simulate the first dip in the proton

nuclear elastic scattering cross section.

In lieu of irradiations with electrons and neutrons, it may be hop(d

that less accurate but satisfactory simulation is possible with electrons

alone, usi.,.g a scaling factor based on total number of displacements

irrespective of primary recoil energy. In essence, this scaling replaces

some of the higher-energy proton-induced recoils by low-energy recoils.

The electron simulation will then overestimate or underestimate the damage,

depending on whether the physical property measured, taking into account

thermal motion, is more or less sensitive to the same number of displaced

atoms being distributed in smaller recoil clusters. The damage ratios on

this basis are as follows:

Silicon Germanium

30-MeV protons
30-MeV electrons'

50-MeV protons 18 14
30-MeV electrons*

5-MeV electrons 0.58 0.46
30-MeV electrons

2.3-MeV electrons
30-MeV electrons"

I. 5-MeV electrons
30-MeV electrons 0

31
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It should also be noted that the difference in the contribution of

higher-energy primary recoils due to nuclear elastic scattering between

30- and 50-MeV protons is found to be less than the enhancement of higher-

energy recoils by nuclear elastic scattering over Rutherford scattering

at 30 MeV. It was found that for silicon, the contribution from nuclear

elastic scattering with 30-MeV protons is twice the increase in nuclear

elastic scattering when going from 30- to 50-MeV protons. It is somewhat

different for germanium in that for 30-MeV protons, nuclear elastic

scattering decreases the damage calculated, assuming pure Rutherford

scattering, by approximately the same amount that changing from 30- to

50-MeV increases it. The 50-MeV irradiations thus only serve to check

results obtained at 30 MeV, and both energies wili be affects- significantly

by nuclear elastic scattering.

32
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SECTION III

EXPERIMENTAL PROCEDURES

3.1 SAMPLE PREPARATION

3.1.1 Sample Cutting and Identification

The irradiation samples were cut from the semiconductor boule in

the manner shown in Fig. 16. First, 2-mm-thick slices were cut from the

boule; they were then remounted and cut into bars 1 mm thick by 20 mm

long. Of the six slices taken, alternate slices (HI, 1-12, and H3) were used

for the Hall coefficient studies and the other slices (T1, r 2, and r 3) were

used for carrier lifetime studies. Each sample was identified, as shown,

as to its origin and eventual Lse. A seventh slice was taken after the T3

slice and cut into bars for the unir adiated samples required. The A3 and

A4 pieces outside the A samples were cut 1/2 and 1/4 mm thick to pro-

vide samples for the 2.3 and 1.5-Mev electron irradiations, respectively.

The sample bars were lapped successively with 400-grit, 600-grit,

2/0, and 4/0 emery papers and then they were etched. The germanium

samples were etched in Super-oxal etching solution (1 part hydrofluoric

acid, 1 part hydrogen peroxide, and 4 parts water), whereas the silicon

samples were etched in a "white" etching solution (equal parts of glacial

acetic, nitric, and hydrofluoric acids). After the samples were etched,

they were rinsed in distilled water and electronic-grade alcohol. The

preparation of the sample for irradiation then varied according to the type

of sample.

3.1.2 Preparation of n-Type Silicon

Each n-type silicon sample was placed in a quartz jig for the gold-

bonding operation. The jig held small dots of 0.5 percent antimony-doped
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gold against the sample at the voltage and Hall lead positions. The jig was

spring loaded to allow for contractions due to the melting of the gold dots

during the bonding. The jig and sample were then placed in an oven heated

to 450 C for about 5 min in a flow of forming gas and then they were cooled

slowly. After cooling, the sample was removed from the jig and the ends

for the current leads were first roughened with 600-grit emery paper and

then nickel plated. The electroplating solution consisted of 105 parts by

weight of nickel ammonium sulfate, 15 parts of ammonium chloride, and

15 parts boric acid. The sample was then washed in alcohol and acetone

and the plated ends were tinned with indium solder.

A I1-mil copper wire was soldered to each gold button to provide

the sample lead. A copper-constantan thermocouple was soldered to I

gold button and used as a Hall lead on the Hall coefficient samples. The

thermocouple was attached at a current lead for the carrier lifetime

samples. Soldering to the gold buttons was accomplished by first tinning

the copper wire, leaving a small ball of solder on the end. The solder ball

was then heated in contact with the gold button with a small jet of hot heli-

um gas. Usually a little Ruby fluid flux was needed to fuse the solder to

the gold. Current leads were then ioldered to the ends of the sample.

which waa then wasi-ed in a!cohol to complt.- thl, preparation of the

sample. \

3.1.3 Preparation of p-Type Silicon

The procedure for preparing the p-type silicon samples differed

from that used for n-type silicon in that boron-doped gold dots were used

and the current ends were plated with a rhodium plating vlution obtained

from Englehard Industries, Inc. Alternatively, point cnnmacts were some-

times used for Hall and voltage probes. These were phosphor-bronze

wires with the ends nointed and coated with aluminum that were spring

loaded against the sample, Contact was made by fuing the wire to the

sample by passing the current from a spark coil through the contact.
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3.1.4 Preparation of n-Tvpe Germanium

For n-type germanium the hall an: voltage leads were made by

first placing four small pieces of bO/40 soft solder on the sample. The

solder pieces were held irn place by the surface tension of the Ruby fluid

flux used to facilitate soldering. The sample was then placed in ai, oven

which consisted of a glass tube wound with a heater. A flow of an inert

gas was maintained through the glass tube, and the sampL; was heated to

the melting point of the solder to bond the solder dots to the simple The-

ends of the sample were tinned directly with indiuMr 6oid7r for the current

leads. Leads were attached in the same m?.,-.- - as .hoý,- f(c-r n-t.,'e s•hcon.

3.j.5 Preparation of p-Type Gerrnan-%,rm

The preparation of p-type gert.anium differed frrn n-t;pe unly in

that indium solder was used for all c:,a tac-s

3.2 HALL EFFECT

Samplas irradiated ftr m-sa.urement of t'arrier removal rate were

mo'mted as shown in Fig. )7 1'%-it0 :AhoZpho r-bronze spring ,.lips holding the

samples to an aluminum block. The sarnpie- were eih-_ctricall• insulated

from the black aid chips with Mylar adhet.ive tape. The b!lo-k wab dthc

placed in a water-coolcd 6-lamber, as s ', .g. l-ý so that the III

sample was nearest the lid and t.te H12 Lrpite was in the middle. The

electrical leads of the FR 2 r the only t

box. The IlalI coefficient :uf the H"3 sample only was ti.-nitored d(•-.ing

i• radiation; the other twov samples were measured in the laboratory betu4ore

and after irradiation as A check.

A thermally condu-ctive path from the aluminurn bloch to the sample

chamber was furmed by using ti,-foill ý"m between the block and the

bottom and lid of the sample chamber. The chamber was also filled ,eith

f I.eliurrn gas during irradiation for more. efficient heat transfer.
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Hall coefficients were measured in a field of 4 kgauss with a

current of about 2 ma passing through the sample. The sample Hall probes

were connected to a mnicrovolt ammeter through a voltage bucking box to

cancel out any potential difference at zero magnetic field due to, misalign-

ment of the probes. The meter drove a chart recorder and thus a record

was made of the Hall voltage at opposite polarities of the magnetic field,

The difference in the two Hall voltages was used to calculate the carrier

density in order to cancel out ý.n) ccntact effects. The current passing

through the sample was measured by monitoring the voltage drop across a

l-kfl series resistor.

Hall coefficients were measured at the irradiation site before the

samples were irradiated and the irradiation was interrupted at approp-

riate intervals for further measurements until the Hall voltage had changed

by 25 percent, at which time the irradiation was terminated. Irradiated

samples were then taken to the laboratory and there the fiall coefficient

was measured at room temperature after successive 5-min anneals at

3250, 3450, 367 , 3880, and 4000 K.

A temperature record of the HZ samples was made during the

irradiations and the beam intensity was controlled to limit the temperature

rise to a few degrees Kelvin.

3.3 CARRIER LIFETIME

Carrier lifetime samples were mounted in triple mounts in much

the same manner as the Hall samples were, but because the rate of life-

time damage was generally much higher, sample heating was much less of

a problem and thus plug-in mounts were developed, as shown in Figs 19

and 20. The miniature 9-pin connectors permitted quick sample changing

without the delicate operation of manipulating the sample leads themselves.

As with the Hall measurements, only one of three lifetime sampleF was

monitored during the irradiation; the other two served as a check and were

measured in the laboratory before and after irradiation.
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The carrier lifetime was measured by observing the transient

conductivity of the sample in a 4-point measurement with carriers injected

by a light pulse from a General Radio Strobotac. the General Atomic linear

accelerator. or the General Atomic flash X ray. Figure 21 shows the shape

of the light pulse at two different repetition rates near the end of the

instrument's range. The high-rate pulse was used for the measurements

because of the shorter decay time. even though the peak light output is

much less. Thus it was necessary to place the light source very close to

the sample.

Provision was made for measuring the transient current through

the sample. but this was found to be unnecessary because of the high

impedance source used. The transient voltage was measured with a dc

current of about 2 mA in the sample. Contact effects were minimized by

using the difference between the voltage signals taken with opposite polarity

currents. Pictures were taken of the transient voltage signal on an

oscilloscope camera with the instrumentation presented in block diagram

in Fig. 22. The gain of the preamplifier system, consisting of Tektronix

Type G plug-ins in a 127 power supplv, was remotely controlled by means

of Ledex stepping motors on the gain switches of the Type G preamplifiers.

The cable drivers are capable of driving the 93-ohm cables connecting the

irradiation and control rooms with I-V peak-to-peak signals. The over-ali

sensitivity of the system is 0. 5 mV/cm.

Transient voltage signals thus taken were assumed to be inversely

proportional to the conductivity (constant-current assumption). The sig-

nals plus the dc voltage meatsdred across the sample with no carrier

injection were read into a computer program which calculated the carrier

lifetime as a function of injection levels. From these data, the lifetime

degradation as a function of radiation flux was determined. During electron

irradiations. the Iife-time measured with the Strobotac was checked against

the lifetime measured w:.,-i a short (0. 1 -psec) pulse of relativistirc elect rons

was used to inject carriers. Taese measurements were made to calibrate
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Figure 21. Light pulse from General Radio Strobotac
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the Stro'Gotac for use in off-site irradiations where no other carrier-

injection source was available. Because of the length of tail on the

Strobotac light pulse and the uneven carrier injection in the sample.

measurements with the Strobotac were limited to lifetimes in ,!xcess of a

n--crosecond, with the calibration being required when the lifetime was

below about 10 p sec.

After irradiation. the samples were put through the same annealing

schedule as the Hall samples. with the lifetime being measured with the

flash X-ray facility.

3.4 DOSIMETRY

3. 4. 1 Beam Calibration

Calibration of the irradiation beam was accomplished by use of a

thin calorimeter consisting of a small copper block suspended in a con-

stant-temperature environment. Figure 23 shows a cross section of this

calcrimeter with the copper block suspended in an evacuated water-cooled

chamber by fine copper-constantan thermocouple wires. The ,ntrance and

exit windows are I-mil Mylar affixed to the chamber with epoxy.

The svnsitivity of the calorimeter for a pulse of radiation delivered

in a time short compared to the thermal relaxation time of the calorimeter

block can be calculated in terms of the energy deposition. For the case

where the copper block is initially at room temperature. the dose. D (Cu).

in rads (Cu) is related to the thermocouple voltage increment, AV. by

D (Cu) = 0. 975 x 10 9 AV .

Using as the minimum detectable sig..al a voltage change of I IV/scc or

a dcose rate of 0. 975 x 103 rads (Cu)/sec, the minimum average current

density and particle flux for the irradiations considered were calculated;

the. results are presented in Table II. All fluxes encountered at the

irradiation facilities were at least five times greater than the minfinum

detectable.
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Figure 23. Cross section of thin calorimeter
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Table HI

AVERAGE CURRENT DENSITY AND PARTICLE FLUX

FOR A 1-pV/SEG C-ALORIMETER SIGNAL

Average

Incident C1 .jrrent Density Particle Filix

Radiation (Aicm2 ) (particles!'cm 2 sec)

50-MeV protons 1.23 x 10 7.69 x 109

30-MeV protons 8.34 x 10- 1 5.20 x 10 9

30-MeV electrons 7.33 x 10 4.58 x 10 10

5-MeV electrons 7.75 x 10 4. 4 x 10 10

2.3-MeV electrons 8.06 x 10O- 5.04 x 10 10

1. 5-MeV eieL~ti ns 5.i4 11) 13 5.08 x 10 10
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3. 4. 2 Beam Munitorinj

For continuous monitoring of the beam during irradiation. a

bec,-ndary-emission monitor was used for both the electron and proton

irr-adiations. It consisted of a 0. 008-in, titanium foil in an evacuated

chamber with 0. 001 -in. titanium windows. The monitor was placed between

the beam collimator and the sample. The average replacement current to

the foil was related to the calorimeter signal when the calorimeter was

placed in the sample position in calibration runs before and after each

day's irradiations. During the irradiations, the replacement current was

monitored on a chart recorder and this record was used, together witfh ihe

calorimeter calibration, to calculate the incidehin particle flux.

3. 5 EXPERIMENTAL FACiLITIES

The 5,-MeV and 30-MeV electron irradiations were performed at

the General Atomic Linac, which is an L-band traveling-wave electron

accelerator. It can produce pulses of electrons of 3 to 45 MeV, pulse

widths varying between 0. 01 ar'd 4. 5 Msec. repetition rates as high as

7Z0 pps, and beam currents up to I A.

The low-energy electron irradiations (1. 5 and 2. 3 MeV) were per-

forrred at *he Dynamitron accelerator loc-ted at the Convair Division of

General Dynamics Corporation i.ý San Diego. It is a cascade- rectifier type

of accelerator capabh of currents up to I mA dc.

The proton linear accelerator at the Uriversity of Southern

California was used for the initial 31. 5-MeV proton irradiations. This

accelerator runs at a frequency of 300 Mc. has pulse widths of 450 jsec.

and pulse repetiiion rates of 15 to 20 pps.

The final p.roton experiments were run at the Oak Ridge National

Laboratory, where the synchronous cyclotron was used. This is a dc

machine capable of currents in the milliampere range; the energies used

were 35 and 56 MeV.
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Lifetime annealing experiments were perfrTried at the General

Atomic flash X-ray facility, which produces i20.se, pulses of 600-keV

X rays with a total dose of about I r per pulse.
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SECTION IV

EXPERIMENTAL RESULTS

The experimental accuracy attributed to both the Hall coefficient

and the carrier lifetime sample irradiations is about 20 percent, Including

both the measurements of the parameters in question and the determination

of the amount of irradiation the samples have received.

4. 1 HALL SAMPLE IRRADIATIONS

Considering the Hall effect data first, the typical irradiation

response of 10-ohm-cm phospho'us- and boron-doped matt:rials, both

pulled and floating zone, is shown in Figs. 24, 25, 26, and 27 for a 30-MeV

electron irradiation and a 30-MeV proton irradiation and a 30-MeV proton

irradiation, respectively. The response for corresponding 0. 5-ohm-cm

material is shown in Figs. 28, 29, 30, and 31. Similar data for germanium

are shown in Figs. 32 and 33, respectively, for 10-ohm-cm arsenic- and

gallium-doped material during a 30-MeV proton irradiation. The data are

summarized in Table II for the 1. 5-, 2. 3-, 5-, and 30-MeV electron

irradiation and for the 30- and 50-MeV proton irradiations.

The conductivities measured prior to irradiation are subject to

inaccuracies owing to surface and contact effects. The most meaningful

parameter for sample identification is then, in view of the radiation response

measurements performed, the initial carrier concentration. This is taken

as zero irradiation intercept of the carrier removal curves, his procedure

will give an indication of the initial bulk carrier concentration with the

effects of contacts and surfaces negated to the same degree as they are in

the removal rates. Conductivities may be calculated, if desired, using

known values for the mobility in silicon and germanium. These initial

carrier concentrations are also given in Table MII.
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Table III

CARRIER REMOVAL RATES AND INITIAL CARRIER CONCENTRATIONS

Irradiation Energy

Materia J .3J:A V 5-MeV 30 MeV 130-MeV so~-MvV .-Material electrons; e;ectrons electrons electrons i rtns pr,,tons

Carrier Removal Rates
• •~in wi.-?.• o f c arrie ý ,;/¢r 3 pe r unit ,, •,¢x' l

F•S' 1 n 0. 8 . 1 0. 17 0.48 z• 17

Si 101nZ 0.007 0.015 0.032 0.12 6.8 7.2

Si lOp 0.03 0. ns 0. qz 0.27 12 7.4

Si I0pZ 0.03 0,05 0.039 0.23 13 9.9

Ge 1OnZ 0.38 0.44 0.77 2.4 99 64

Ge lOpZ 0.05 ... 0.23 0.4 12 22

Si 0. 5n 280. 7-8

Si 0. 5nZ 0.45 11

St 0. 5p 0.56 7Z

Si 0. 5pZ 0.82 40

Ge 0.5nZ 3,1 99

Ge 0. 5pZ 0.06

Initko' Carrier Concentrations
(in units of carriers/cm 3 )

Si )Or. j 6. qxl'l' I 1014 6.3xi0 14  8.0x 1014 7.2x1014 6.8x1014

414 14 14 14 14S', IOnZ 36x 101. 3"1x10 3.7x10 4.2x10 4.5x10 3.0x10
015 15 15 1s 15

Si lop 1. 6 <I 1. 6x 10 1. 6x 10 1.6,(10 1. 6x 10 - .6x 10
Si I 0PZ 1. 9x, .0, 1. 9x 10 1. 9x 10 1 . 9x 10 1. 9x 10 1. 9x 10
Ge 10nZ 3. 310 14 3.ox1014 4,Ox1015 3.9x1014 3.6x 1014 3.Ox 1014

11414 16 1
Ge I10pZ 2. 9ý(101 ... 2.Txi101 2. 3xI101 1.5x 104 1. 6x!01

16 16
St 0.Sn . .... 0. 9x 10I 1. 2.× 101--

Si 0. Snz ---... 1. 6x101 2.2Zx 101 --

St 0.5p ......... 4. 6x 1016 4. lb 1016

t 50. SpZ ........ 5.Zx 10 5. Ix 10..

Geo 0.SnZ ......... 5.e,10 .x 10---5

*-pZ 3 . 9x 10 Is
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4, 2 CARRICA. L!FrTIME JRRADATIONS

'rhe compilation of the lifetime experimental resuits is given in

Tabhc IV. For the li'etLne suni,,,, thh specified resistiviLy Loierance

of the boules of *20% is is good as our dc measurements, taking into con-

sideration the inaccuracies mentioned in Section 4. 1. The response of

10-.ohm-cm n-type germanium to various electron energy irradiations is

given in Fig. 34. This response is typical of the type of re±sults obtained

for all samples. The points for the 30-MeV proton irradiation- are also

shown on an expanded scale, The procedure in these experiments was to

measure the lifetime of the samples at the flash X ray before and after the

experiments that were not done at General Atomic. In these caes the

Strobotac was needed to measure lifetimes during irradiation and the flash

X ray served as a check on the Strobotac calibration performed with similar

samples at the linear accelerator.

Table IV
LIFETIME DEGRADATION RATES

(in units of 10-6 cm+2sec"4 )

Irradiation Energy
T.5-MeV 2.3-MeV 5-MeV 30-MeV 30-MeV

Material electrons electrons elearns electr )nn protons

Si IOn 3 3 7 8 600

Si 1OnZ 0.5 1.3 2 3.8 100

Si lOp 0.30 0.45 1.5 S. 5 500

Si iOpZ 0.30 0.45 1.5 5.! 500

Ge l0nZ 0.06 0.20 C. 30 1.0 27

Ge IOpZ 0.025 0.35 0.006 0.14 18
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4. 3 ANNEALING STUDIES

Annealing experiments we-e performed after irradiation by holding

the sample at 3250, 3450, 3670, 388°, and 400°K successively for 5 min

arnd intermittently cooling to 300 K, at which temperature the measure-

ments were made. For those samples that did show annealing, the results

for the Hall samples are shown in Figs. 35 through 39. The fraction of
n - nf

the carriers recovered is defined as n - nf, where nO is the initial carrier
no-nf

concentration, nf is the number after the final irradiation, and n is the

number after the previous anneal, No annealing was seen for 10-ohm-cm

or 0. 5-ohm-cm pulled or floating-zone p-type silicon, 0. 5-ohm-cm floating-

zone n-type silicon, or 10-ohm-cm n-type germanium. The annealing was

the same within 20 percent for all energy irradiations. For the lifetime

samples, with one exception no annealing was observed for any sample. but

trapping effects were evident for both p-type silicon samples and the floating-

zone refined 10-ohm-cm n-type sample. For p-type silicon, a 30 to

50 percent room temperature anneal was found between the irradiation site

and the measurement made at the flash X ray. Thus, for all types of

radiatio•ns considered here, the annealing data show no evidence of the

creation of different types of defects by different irradiating particles.
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SECTION V

DISCUSSION

It is now possible to compare the experimental data with theor,.

Since neutron irradiations were not included in tMe experimental programll,

it is not possible to perform a direct check on the best simulation predic-

tion presented in Section 2. 8. Instead, a comparison between experiment

and a correlation with total displaced atoms can be examined. It is re-

cognized that this correlation may be inaccurate since the higher-energy

and Tiigher-mass particles produce a larger fraction of the displacements

via nore energetic recoil atoms. This comparison is presented in

Table V ar ratios between the rate of introduction of defects relative to

the introduction rate in the same material by 30-MeV electrons.

Another more instructive comparison is achieved by calculasting the

property change per unannealed displaced atom calculated as in Section II.

These data are summarized in Table VI.

The radiation response presented in Table VI is discussed in more

detail below.

5.1 n-TYPE SILICON

The lifetime degradation data for n-type silicon follow the theor\

fairly well for the electron irradiations from 1, 5 to 30.MeV, wherea s the

30-MeV proton data showa relative increase in defect production over theory.

The data for both pulled and floating-zone material can be expected to show

more scatter than similar irradiations with other materials hecause of a

6-1aec trapping time in the floating-zone material that makes an accurate

measurement of the low injection level difficult and the unexpectedly lo'A

uirradiated bulk lifetime of the pulled material. The latter was less

than I psec, which is an order of magnitude less than is to be expected for
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this material. This not only affects the accuracy of the data (e..g. , ro,

temperature annealing between the irraidiation site and post-irradiation

measurements at the fl(li '• ray could go unnoticed owing to the difft(ilty

of measuring such a short lifetime wi.h the light sour e) bht als,, th. tip-

plicability to other materials of this type, since a dit:eru nt d&ivI tha,, is

usual may be producing the irradiation response.

These data may be compared witý) those froom daznage to T) on n

silicon solar cells due to protonis(18) and di," to electrons. (19I20) ,

solar-cell damage measured is the minority ctrrier difflosi,,n lenoth,

which is comparable to the minority carrier lifetime. 'i'he ,lt.k trin ir-

radiations, which covered bombarding energies from 0.4 to 40 MvV,

showed substantial agreement with simple theory over the range fr,,m 1.

to 30 MeV. However, the proton damage measured with 17- tG I i0-.MV

particles showed a slowly falling damage rate from 17 to 50 MeV that

cannot be totally ascribed to rising contributions from either nclear

elastic scattering or star production. Above 50 MeV, the damage rate

assumes the I/E character expected from Rutherford scattering, hhe

floating-zone data are in agreement with this, showing thai rrý oils Irora

30-MeV protons have twice the predicted effectiveness in producing damiage

than recoils from 1.!5 to 30-MeV electrons. Also, lifetime degradation

rates measured with neutrons from a TRIGA reactor give a property

change per unannealed displaced atom of 8, using half the calculated neutron

cross section because the spectrum used in the irradiations was softer than

the one calculated in Section TI. When the above data are (ompared with

the theory presented in Section 11. they are consistent with an assumption

that primary recoils of the order of 10" eV are approximately four times

more efficient than predicted in producing damage in a ruom-termperature

ir.-adiation than recoils an order of magnitude lower in energy.

For the floating-zon-e material, the raditiort tespor-se of the Hall

coeficL:nt seemns to follow that of the Lhetime up to the 50-MeV proton

irradiation, where the increse in darmage over that expected leve's off
instead of further increasing as do the data of Rosenzweig on lifetime.
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The pulled material exhibits a gradual increase over theoretical damage

as the irradiating electron energy is raised, but otherwise follows the

behavior of the floating-zone material. Carrier-removal experiments

with neutron irradiations have been done by Stein (Z)as well as by Curt~s

but the'r results are in disagreement by factors of 2 to 4, with Stein's

removal L'ates bein, the higher. Curtis's results give a property change

per unannealed displaced atom of 0. 03 and 0. 025 for floating-zone and

p;.1led silicor., respe,&ively, which are much lower than expected in the

light of the proton ciata and the apparent agreement with our lifetime data.

5.2 P-TYPF SILICON

No sigiaifwk nt differencee between pulled and floating-zone p-type

silicon were observed in either lifetime or Hall damage rates in any

i r radiation.

Lifetime damage may again be compared with damage to n on p

silicon solar cells in Refs, 18, 19, and 21. The electron irradiations

from 0.4 to 40 MeV show results much like those derived here, with the

damage rising with increasinig bombarding energy much faster than is

calculated. In fact Carter and Downing fit their data to the square of the

displacen...it cross section. Our electron irradiations fit such a curve

quite ",•..1, but the 30-MeV proton irradiations show a smaller increase as

io ,e neutron data of Curtis, with a property change per unannealed dis-
-8 2 -1

placed atom of 7 x 10 cm sec . The proton data of Rosenzweig from

1. 35 to 130 MeV shows similar behavior. Below 8 MeV, the damage rate

rises as lIE in accordance with Rutherford scattering, but above 10 MeV,

the damage rate falls only slightly up to 50 MeV, where it resumes an

approximate I/ E behavior again. As with n-type silicon, calculations

cannot account for this behavior, even when all the recoil energy is as-

sumed to go into producing displacements, which is an unlikely ccndition.

With a more realistic division of energy between displacements and ion-

i-ation, such as imposing a limit of about 105 eV above which recoils are
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assumedtolose all their energy by ioniz.ation, the divergence from the

experimental curve is much greater and probably camnot be ascribed to

star production.

The Hall data follow the same characteristics as the lifetime data,

but there is a slower increase in damage efficiency as the energy rise!.

This behavior is also indicated ini data on carrier removal in IS- to
(19)150-ohm-cm p-type silicon. The 30- and 50-MeV protons seem to

follow theort.ical predictions in producing Hall damage in p-type silicon.

Curtis's results are, am I-efore with n-type silicon, lower than expected,

with a property change per unannealed displaced atom of 0. 03.

Thus, in both n- and p-type silicon, the higher-energy primary

recoil atoms seem to have an effect that scales faster than the total

number of displaced atoms they produLe. The magnitude depends on the

material and indeed even or. the type of damage.

5.3 GERMANIUM

Lifetime damage in n- and p-type germanium is in an essentially

constant ratio to that calculated for all irradiations, except for a small

rise in n-type germaniirn and a large rise in p-type germanium with

30-MeV protons.

Hall irradiations on n-type germanium are in agreement with theory

for electrons, but agaira protons produce damage more efficiently. P-type

gerrnanium is a special case as the removal rates change with carrier

concentration and previous irradiation history, which makes a compar-

ison between irradiations hazardous.

Again, with germanium as with silicon, it seems that the high-

energy recoils have an effect on the damage that rises more rapidly than

the number of displaced atoms.

The lack of differences in the annealing behavior only indicates

that the particular defects which anneal in the temperature range 3000K to
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4001K are formed proportionately by all of the irradiating particles. This

observation makes no inference on the correlation between those other

defects which did not anneal in this temperature range.
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SECTION VI

CONCLUSIONS

From the experiments performed, it was found that the defect

introduction rate rises faster with rising irradiating energies than the

number of unannealed displaced atoms. It is apparent that the effect of

displaced atoms on both lifetime and carrier concentration is greater if

the atoms are produced by higher-energy recoils. This effect is magni-

flied further if it is noted that more than half of the displacements pro-

duced by protons are associated with recoil atoms having the same

energy spectrum as those produced by 30-MeV electrons. Thus, the

apparent increase in over-all effectiveness of the protons must be attri-

buted to less than half of the damage. Therefore, an apparent increase

of damage per displaced atom of a factor of 2 to 3 must represent an

increased eifectiveness of displaced atoms produced by the higher-energy

recoil atoms of a factor of 3 to 5. Hence, it is predicted that the property

change per unannealed displaced atoms should be even greater for neu-

trons than for the highest energy protons used, and indeed this is the

case for lifetime damage in similar materials irradiated by other work-

ers. (21, 22)

For Hall damage, the situation is less clear as there are two

pieces of conflicting data, but if the higher rates of Stein's data(22)are

correct, then the above conclusion is upheld.

The difficulty in interpreting this apparent high effectiveness of

primary recoils fn the range of 100 keV in producing damage is height-

ened by an understanding of the process by which a recoil atom loses its
(1)

energy. The majority of collisions the primary recoil suffers in slow-

ing to an energy less than 10 keV (where it seemp not to produce exces-

sive damage) involve small energy transfers and any displacement
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chlsters produced are quite far apart and are in no essential way differ-

ent from those produced by a less energetic recoil. However, calcula-

tions show that a 1-keV recoil produces displaced atoms in its track

about 4 lattice constants apart, which is within the interaction distance

for the displacements (4 to 6 lattice constants), whereas a 100-keV

recoil along the initial portion of its track produces displacements about

15 lattice constants apart along with sobstantially more ionization. This

combination of distantly spaced displacements in an ionized region may

well produce secondary defects in different proportions from the dis-

placed atoms from lower energy recoils which find themselves fairly

closely spaced in a neutral region.

It would seem that this behavior would be different for different

materials, and for different defects controlling the irradiation response.

This does seem to be the case as the varying results between material

and parameter measured show. Also, impurities or defects not involved

in the defect directly responsible for the radiation response may affect

or even control the difference in the high-energy recoil damage efficiency.

Thus, while it is possible that the above data can be used for pur-

poses of proton simulation with electrons, extreme care must be taken

to ensure that the defect controlling the radiation response is the same

as that measured here and that no impurity is present that would affect

the damage rate of the high-energy recoils present with protons. A sim-

ulation with a better chance of success would be an admixture of electrons

and reactor neutrons, as described in the theoretical portion of this report.
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